Technological advancements and the ever-increasing demand for the latest electronic gadgets lead to the huge generation of waste. Printed circuit boards are key connecting components of any electronic device, and the presence of significant metallic values such as copper can be regarded as a valuable secondary source. The discarded printed circuit boards are grounded to − 1 mm size and they consist of 30-40% metal values and 60-70% plastic-organic fraction. Due to the presence of a high amount of plastics in the feed, separation between the plastic and the metallic fraction is necessary for effective recycling. In this study, air and water-based fluidization processes are experimentally investigated for the separation of metallic values. Combined fluidization concentrate yielded a grade of about 90% with an overall recovery of 35%. It was found that the combination of air and water fluidization is a promising route to recover metals from electronic scrap as it is cost-effective and environment-friendly. The underflow fraction obtained consists of 87% metal fraction (Al, Cu, Zn, Pb, and Sn) and can be further used in alloy-making applications.
Introduction
Technological advancements lead to increased use of electronic equipment in different sectors such as information technology and health care. However, the increase in the consumption of electronic goods leads to the massive generation of electronic waste with time. Electronic waste is the source of various toxic elements like As, Bi, Be, Cd, Pb, Hg, and polychlorinated biphenyls, polybrominated biphenyls, tetrabromobisphenol A, polybromo diethyl ether, which leads to various hazardous environmental and health issues [1] [2] [3] .
The printed circuit board (PCB) constitutes about 6% of the total e-waste generated [2, 3] . PCB is the key component of any electronic gadget which is mechanically supported and electrically connected. PCB contains base metals (Cu, Al, Fe, Zn, Sn, and Pb), trace amounts of high-value metals (Au, Ag, and Pt) and a majority of non-metallic values (Br, Al 2 O 3 , SiO 2 , and CaO). PCB is composed of two or three layers of non-conductive substrates, where copper sheet intact along with epoxy resins and fiber glass is chemically coated with bromine epoxy layer to keep the circuit intact. Generally, non-metallic fractions are manufactured using non-conductive substrate, such as epoxy resin, and glasswoven reinforced plastics and ceramics or using cellulose paper reinforced with phenolic resin [4, 5] .
Some formal recycling processes are being used worldwide for processing electronic waste and include pyrometallurgy, hydrometallurgy, and physical separation processes. In pyrometallurgy, waste printed circuit boards are treated at high temperature under an argon atmosphere to separately recover the valuable material [5, 6] . A large quantity of waste liquid effluents is produced during the metal dissolution and requires proper disposal. Pyrolysis, gasification, combustion, supercritical fluid depolymerization are some of the other chemical recycling processes adopted in a laboratory set up [7, 8] . Physical beneficiation process makes uses of physical characteristics and avoids the use of high temperature as well as chemicals. The recovery of metals from PCBs by physical separation processes includes The contributing editor for this article was Bernd Friedrich. sequential disintegration, manual dismantling, grinding, size classification followed by physical separation steps such as density separation, gravity separation, pneumatic separation, high-voltage electrostatic separator, froth flotation, magnetic separation, and eddy current separation for effective separation of polymer, metals, and non-metals respectively [4, [9] [10] [11] . The extent of liberation is critical as it determines the separation index between the metallic and plastic values [4, 9, 11, 12] . There is a significant difference in specific gravity of the metallic and non-metallic values present in the PCB (non-metallic values ~ 1 g/cc, metals ~ 2.6 g/cc (Al), 8.9 g/cc (Cu), to 19.3 g/cc (Au)) [7, 9] . Considering the presence of multiple elements, plastics, and ceramics adds to the complexity of its nature, it is expected that the overall recycling rate for e-waste globally is only 15% [2, 13] . The reasons behind the lack of recycling include heterogeneous nature, informal collection, and hazards associated with the ineffective separation of plastic/non-metallic values from metals [2, 3] . The large density difference between metals and nonmetals provides the foundation for the effective segregation process such as gravity separation methods which include jigging and air separation. In a moving fluid, particles with smaller sizes or lower density will flow out with the media, whereas particles with larger sizes or higher densities will stay, thus achieving the separation of a heavy and light fraction [8, 14, 15] . Air classification is used for the separation of dispersed solid particles based on their difference in size and density. The principle of separation is based on the fact that the particles suspended in a flowing gas, usually air move toward different points under the influence of different forces and can be separated. Particles experience gravity and drag forces acting in opposite directions, such that heavy particles possessing higher terminal settling velocity compared to air velocity move downward against the air stream, while the light particles with lower terminal settling velocity rise along with the air stream to the top fraction [4, 8, 10, 12, 15] . The present work aims to evaluate the fluidization process as a simple and cost-effective process for the recovery of the metallic values, specifically copper from waste PCBs. A custom made fluidization apparatus is employed to recover metals from waste PCBs. The grade/purity and recovery of the segregated fractions is assessed using tap density, weight efficiency, and elemental analysis.
Material and Methods

Experimental Procedure
The experimental flowsheet followed in this study is shown in Fig. 1 . Discarded PCBs of laptop and computer desktops were procured from the local market and electronic components such as a diode, capacitor, and integrated circuits were manually dismantled. The electronic components like a transistor, LAN port, capacitors, integrated circuit, and diode were removed before grinding as they can be reused by recyclers. It was observed that it is very difficult to break these components as they are very hard and contain a lot of plastic covering. Therefore, bare PCBs, i.e., without mounted accessories were adopted throughout the study. Bare WPCB was cut into small pieces using a band saw cutter and was further grounded using a cutting mill (SM300, RETSCH) operating at 2000 rpm using a cut sieve of 1 mm. Size classification was carried out using sieves of different sizes 1000, 500, 350, 212, and 100 microns. The separation of plastic/ other non-metallic and metal from different size fractions was carried out by air and water fluidization. The fluidization process exploits the difference in the relative density of the particles, and the separation is strongly determined by particle size, shape, and medium (air/water) velocity. In air fluidization, a cohesive bed of solid particles is formed acting as a fluid and move up and down. As soon as the bed becomes stable, lighter particles start moving upward and report to overflow, whereas the heavier particles settle down due to gravity and constitute the underflow product. However, it was found that for the fine size fraction of the non-metallic fraction of WPCB, glass fibers with thin strips were tangled during the fluidization process and the agglomeration hinders the settling of the metal particles [14, 15] .
Experimental Apparatus
The schematic diagram of the apparatus used in this study is shown in using an air compressor of 1HP motor and flow rate was regulated using a valve. The air was supplied continuously for 30-45 min and the calculated terminal velocity for particle size range is ~ 1.5-5 m/s and is in agreement with the previous study [3] . The water fluidization apparatus consists of two chambers: lower chamber: 0.064 m height and 0.059 m inner diameter and 0.064 m outer diameter, whereas the upper chamber is 0.24 m in height and 0.044 m inner diameter and 0.0497 m outer diameter. The water introduction is from the bottom of the lower chamber with a flow rate of 100 mL/s regulated using a valve. With the action of fluid force, the particles follow a helical trajectory in the lower chamber. The lighter particles move to the upper chamber and are collected in the flowing stream, while the heavier particles continue to circulate in the lower chamber. The heavier particles cannot escape due to the narrow structure between the upper and lower chamber and therefore, settle down in the lower part. Thed enrichment of the lighter particle along with few coarse particles around the constriction point was visually observed. The material from overflow fraction is collected using a pan situated next to the apparatus and both the fractions were dried in an oven for material balance. The duration of water fluidization was carefully maintained to ensure complete wettability of particles which further increases medium to particle air contact, whereas in air fluidization, the formation of aggregates/ agglomerate accounts for limited medium to particle contact. The motion of particles in both air and water fluidization is schematically shown in Fig. 2 . The copper recovery during separation is calculated as shown in Eq. 1, whereas the grade is calculated based on the values obtained from XRF analysis.
Characterization Techniques
The elemental composition of the feed, concentrate (underflow) and tailing (overflow) products, was determined by X-ray fluorescence (XRF) technique (Rigaku Supermini 200). The X-ray diffraction study of the powder sample was carried out by X-ray diffractometer (XRD, Rigaku Smart Lab) using Cu-Kα radiation. The diffraction peaks were recorded in the 2Ѳ range of 10°-80° with a step size of 0.02° and a scanning rate of 2°/min to identify the different phases. The morphology and elemental analysis were carried out using a scanning electron microscope (SEM) attached with energy-dispersive X-ray spectrometer (EDX). Aqua regia was prepared for each fraction using 1:3 ratios of concentrated nitric acid and hydrochloric acid solution at 90 °C for 5 h for complete digestion. The chemical analysis of all the digested samples was carried out using inductively coupled plasma mass spectroscopy (ICP-MS) for determination of metal concentration. Almost 90% of the total mass was dissolved and ~ 10% leach residue was observed. The XRD of leach residue depicts only low-intensity peaks of SiO 2 and CaO. Therefore, it was assumed that almost complete dissolution of metallic values occurred. 
Results and Discussion
Feed Characterization
The XRF analysis of different size fractions of grounded PCB is shown in 
Tap Density
For the sake of convenience, instead of using heavy media separation, tap density measurement was preferred considering no liquid entrainment and contamination after the test. The bulk density is not reported as the different obtained fractions offer high plasticity and low mouldability. To avoid the variations due to particle size and morphology, significant volume was considered in the measurement. The tap density of the solids was measured by filling a known amount of solids in a 1-L graduated measuring cylinder placed on the rubber pad with several taps to level the surface. The tap density of the underflow fraction of air, water, and combined (air + water) fluidization is shown in Fig. 3 . The density of the underflow product of air-water fluidization was found highest among all routes. The tap density of the underflow increases with increasing size for air fluidization and the maximum value of 1.3 g/cc was observed. In water fluidization process, the tap density was observed ~ 2 g/cc and it reaches 3 g/cc reflecting higher metallic fraction. It was observed that water fluidization does not yield good results below 100 µm size as particle-particle agglomeration was evident. Therefore, the poor separation was observed and the obtained density was around 1 g/cc. The tap density of the overflow fraction for all the routes was below 1 g/cc, whereas for underflow it is significantly higher. The particle size is reported as geometric mean size for closed size fractions.
Weight Efficiency
Weight efficiency is defined as the percentage of feed material reporting to the underflow fraction. The calculated weight efficiency of the underflow product of the three routes is shown in Fig. 4a . The maximum weight efficiency is found in air fluidization while it is lowest for the water fluidization. However, with the increase in particle size, the weight efficiency of the underflow product also increases for all the three routes. It is envisaged that misplacement of particles can cause higher efficiency of both overflow and underflow due to particle movement in either of the fractions. Higher efficiency necessarily does not imply good separation as grade/purity of the product is also important. The probability of heavy particles reporting to overflow fraction is low compared to the underflow due to the introduction of the constriction in the setup along with the implementation of taller section, regulated air, and water flow rates. The amount of metal in the overflow and underflow product of three fluidization routes based on XRF analysis is shown in Fig. 4b . Almost 45-60% and 60-73% metal values are present in the underflow product of air and water fluidization respectively, whereas the combined route product consists of 80-90% metal content. The amount of metal present in the overflow fraction of air, water, and air-water fluidization is ~ 14, 20, and 10%, respectively. The metal fraction mainly consists of Al, Cu, Sn, Zn, and Pb values, whereas the non-metallic fraction contains SiO 2 , CaO, Al 2 O 3, and Br values. At lower particle size (< 100 µm) segment, agglomeration of the particles was observed leading to incomplete separation of plastic and metals and hence lowest metal recovery was observed; whereas at higher particle size (> 500 µm) metallic values were not liberated (locked) and thus incomplete separation is attained. Therefore, higher metal recovery was obtained in the mid-size.
Grade Recovery Curve
The corresponding grade and recovery of metal in concentrate (underflow) of air, water, and combined fluidization are shown in Fig. 5a and b respectively. In the case of air fluidization, it was found that both grade and recovery increase with increase in particle size and recovery of ~ 91% was obtained above 250 micron size with grade limited to ~ 50%. In the case of water fluidization, recovery increased with the particle size but the concentrate grade decreased. It was observed that the grade reached ~ 75% with a recovery of ~ 12% at a particle size ~ 150 microns. The grade of underflow product in combined fluidization was found highest in all size fractions. ~ 90% grade and ~ 35% recovery was achieved at a particle size of ~ 150 microns. It can be concluded that the combined route yielded the highest grade and recovery for overall concentration. As shown in Fig. 6 , the standard grade vs. recovery curve was plotted for all the routes followed. It was found that the inverse trend is followed, i.e., higher the recovery, lower is the grade. It is worthwhile to mention that in air fluidization high recovery is attained, whereas in water fluidization higher grade is attained. However, combined fluidization offers a suitable concentrate with reasonable grade and recovery at different values.
Chemical Analysis
The chemical composition of the digested representative sample of each fraction is shown in Table 2 . The metallic content of the overflow fraction of water fluidization was ~ 7% while for air and combined fluidization it was limited to only 1-2%. The total metal content in the underflow fraction of air and water fluidization and of combined fluidization was around 52%, 64%, and 80% respectively. It was also observed that very low amount of gold is present in the feed (~ 5PPB) as all the electronic components containing precious metals such as RAM, Processor, and connector points were removed during the manual dismantling step. The gold content in the different fractions should not be considered as it falls within the error limit. The copper percentage increases significantly from feed to the underflow fractions for all the routes. In the overflow fraction, the only non-metallic fraction was observed and is in agreement with tap density measurements. It is expected that the underflow fraction of combined fluidization can yield metallic alloy on thermal exposure. The overflow fraction consisting of nonmetallic content and polymers possesses the good calorific value of ~ 6085 cal/g and is compatible with the base matrix. Hence it can be reused as a filler material for composite and building materials applications (Wang et al. [[16] ]).
XRD and SEM (EDS) Analysis
The SEM-EDS analysis as shown in Fig. 7 reveals the presence of needle type of structure (glass fiber) in the overflow fraction containing carbon, silica, bromine, Al 2 O 3, and CaO in the overflow product, whereas metallic values (Al, Cu, Zn, Sn, and Pb) were observed in the underflow product with copper representing the highest concentration. The EDS analysis revealed the significant enrichment of copper, lead, and tin in the underflow product. The XRD spectra of the feed, overflow, and underflow product of the air, water, and combined fluidization are shown in Fig. 8 . The XRD spectra of the overflow fraction reveal an amorphous peak of glass fiber resins (SiO 2 ) for all the three routes. Lowintensity peaks of Cu, Sn, and Pb were also observed in the overflow. There was a significant rise in peak intensity in the underflow product compared to the feed. As excepted high-intensity crystalline peaks of Cu, Pb, and Sn were found in the underflow fraction of all the three routes. In the underflow product of air and water fluidization, a small peak of silica is present; however, it disappeared in the combined route as particles have a higher probability to report to respective fractions in both steps.
Conclusions
The present study investigates the fluidization process as an effective pretreatment separation technique for the recovery of metallic values from discarded PCB. Air, water, and combined fluidization routes were followed, weight efficiency and tap density were measured, and the process response in terms of grade and recovery was assessed. It was found that air fluidization yielded higher weight efficiency but with limited grade. The underflow fraction of the combined fluidization yielded the highest tap density ~ 3 g/cc. The total metal recovery of the underflow was found the highest in air fluidization followed by combined fluidization. Combined fluidization concentrate yielded a reasonable grade and recovery at different values such as ~ 70% and 80%, respectively. The underflow fraction obtained consists of 87% metal fraction (Al, Cu, Zn, Pb, and Sn) and can be further used in alloy making as well as other allied applications. Based on the results obtained, combined (air-water) fluidization can be considered as a promising process to recover metals from discarded PCBs as it is cost-effective and does not include any external additive. 
